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Objective: The sensitivity of the acoustic response of microbubbles, specifically a strong correlation between their
subharmonic response and the ambient pressure, has motivated development of a non-invasive subharmonic-
aided pressure estimation (SHAPE) method. However, this correlation has previously been found to vary depend-
ing on the microbubble type, the acoustic excitation and the hydrostatic pressure range. In this study, the ambient
pressure sensitivity of microbubble response was investigated.
Methods: The fundamental, subharmonic, second harmonic and ultraharmonic responses from an in-house lipid-
coated microbubble were measured for excitations with peak negative pressures (PNPs) of 50−700 kPa and fre-
quencies of 2, 3 and 4 MHz in the ambient overpressure range 0−25 kPa (0−187 mmHg) in an in vitro setup.
Results: The subharmonic response typically has three stages—occurrence, growth and saturation—with increas-
ing excitation PNP. We find distinct decreasing and increasing variations of the subharmonic signal with overpres-
sure that are closely related to the threshold of subharmonic generation in a lipid-shelled microbubble. Above the
excitation threshold, that is, in the growth-saturation phase, subharmonic signals decreased linearly with slopes
as high as −0.56 dB/kPa with ambient pressure increase; below the threshold excitation (at atmospheric pres-
sure), increasing overpressure triggers subharmonic generation, indicating a lowering of subharmonic threshold,
and therefore leads to an increase in subharmonic with overpressure, the maximum enhancement being ∼11 dB
for 15 kPa overpressure at 2 MHz and 100 kPa PNP.
Conclusion: This study indicates the possible development of novel and improved SHAPE methodologies.
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Introduction

Microbubbles in the diameter range 1−10 µm are used as contrast-
enhancing agents for imaging as well as for drug delivery purposes
[1,2]. Depending on the excitation amplitudes, the microbubbles can
generate harmonic, ultraharmonic and subharmonic responses in addi-
tion to the fundamental response relative to the excitation [3,4]. These
signals have led to the development of novel imaging modalities with
potentially high signal-to-noise ratios [1]. Subharmonic imaging (SHI)
using the subharmonic frequency band has been a promising candidate
in this endeavor [5−12]. Additionally, the subharmonic amplitude is
influenced by surrounding fluid pressure, which may enable non-inva-
sive measurement of the local blood pressure in critical organs [13−15].
Here, we study the subharmonic response from a lipid-coated microbub-
ble as a function of overpressure for different excitation amplitudes and
frequencies.

Early proposals to use microbubbles as a minimally invasive pressure
sensor studied hydrostatic pressure-dependent variations in the reso-
nance frequency [16−18], a single bubble’s echo [19] and disappear-
ance time of gas bubbles [20]. However, the lack of sensitivity and
accuracy hindered the further development of these methods for clinical
applications. Shi et al. [21] first reported the high sensitivity of the sub-
harmonic response of Levovist microbubbles to hydrostatic pressures in
the physiological range (0−186 mmHg), leading them to propose sub-
harmonic-aided pressure estimation (SHAPE). SHAPE has been investi-
gated in animal and human trials with promising results in measuring
left ventricular pressure [22], interstitial fluid pressure in tumors
[23,24] and portal hypertension in animals and humans [25−27].

In contrast to harmonics, which rise continuously with increasing
excitation, subharmonic responses are only generated above a fre-
quency-dependent excitation threshold [28]. Shi et al. [21] reported
three stages of subharmonic production—occurrence, growth and satu-
ration—with the maximum reduction in subharmonic signals under
200 mmHg overpressure occurring in the rapid growth stage. Subse-
quently, the sensitivity of the subharmonic to ambient pressure has been
the subject of numerous research studies. Table 1 summarizes important
findings of in vitro experiments focusing on acoustic excitation parame-
ters and the range of overpressures.

Table 1 indicates that the subharmonic amplitude was observed to
decrease with ambient pressure for almost all conditions and bubbles.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultrasmedbio.2023.02.019&domain=pdf
mailto:sarkar@gwu.edu
https://doi.org/10.1016/j.ultrasmedbio.2023.02.019
https://doi.org/10.1016/j.ultrasmedbio.2023.02.019
https://doi.org/10.1016/j.ultrasmedbio.2023.02.019
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ultrasmedbio


Table 1
Summary of in vitro studies on the ambient pressure sensitivity of subharmonic signal

Study Agent
(shell/core)

Over-pressure
(kPa)

Excitation
frequency (MHz)

PNP
(kPa)

Trend Maximum
change/sensitivity

Kalayeh et al. [55] Experimental
(lipid/C3F8)

2−9.8 5 178 Decrease 0.56 dB/kPa

Qiao et al. [51] SonoVue
(lipid/SF6)

2.6−21.3 5 238−454 Decrease 1.84 dB/kPa

Xu et al. [30] SonoVue 1−5 4 20−300
400−520

Increase
Decrease

1.23 dB/kPa
1.15 dB/kPa

Nio et al. [31] SonoVue 0−10
16−26

1.7−7 25−300 Increase
Decrease

1.23 dB/kPa
1.23 dB/kPa

Li et al. [47] SonoVue 1−24 4
1.33

350−500
350

Decrease 0.84 dB/kPa
0.75 dB/kPa

Frinking et al. [29] Experimental
(lipid/C4F10)

0 and 24

0−16

4 20−350
350−800
50

Increase
Decrease
Increase

28.4 dB
9.6 dB
∼25 dB

Faez et al. [33] BR14
(lipid/C4F10)

−15 to +15 5
10

156
240

Both +10 dB

Sun et al. [56] SonoVue 0−25 4
1.33

300 Decrease
Increase

0.54 dB/kPa
14.1 dB

Halldorsdottir et al. [57] Sonazoid
(lipid/C4F10)
Definity
(lipid/C3F8)
Optison
(albumin/C3F8)
Levovist
(galactose/air)
ZFX
(Lipid/C4F10)

0−25 2.5−6.6

4.4

175−300a

210a

Decrease 14.9 dB

13.3 dB

11.2 dB

∼10 dB

12 dB

Shi et al. [21] Levovist 0−25
0 and 13
0 and 27

2 390
320−540

Decrease 9.6 dB
∼ 5 dB
11.3 dB

Halldorsdottir et al. [23] Definity 0−6.6 10

6.7

120−751a

165−840a

Decrease 11.4 dB
(1.69 dB/kPa)
10.23 dB

Andersen and Jensen [58] SonoVue 0−25 4 485
500

Decrease 0.42 dB/kPab

0.42 dB/kPab

Adam et al. [59] Optison 0−20 4 200 Decrease 0.54 dB/kPa
Dave et al. [60] Sonazoid 0−16 2.5 76−897 Decrease 8.1 dB

PNP, peak negative pressure.
a Acoustic pressures converted from the reported peak-to-peak values.
b The ratio of subharmonic energy to fundamental energy was investigated.
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However, a few cases also exhibit an increase with overpressures primarily
at low excitations. Frinking et al. [29] first reported an increase in subhar-
monic signal at low-amplitude acoustic excitations when the ambient
overpressure was changed from 3 to 180 mmHg. They attribute it to an
enhanced compression-only behavior caused by ambient overpressure.
Both decrease and increase in subharmonic amplitudes with overpressure
were observed for SonoVue microbubbles [30,31], claimed to be caused
by a reduction in surface tension, microbubble destruction under elevated
overpressures and the SF6 gas core [31,32]. Faez et al. [33] used a
2.5 kHz acoustic wave to dynamically manipulate the ambient pressure
with a peak of 15 kPa and found that the subharmonic response of micro-
bubbles can either increase or decrease with ambient pressure. Using the
Marmottant model [34], they related the behaviors to the shell material
properties, including initial surface tension. The shell properties have
been shown to change with overpressure [35−37].

Intuitively, one would expect an ambient pressure increase to restrict
bubble activities, leading to a reduction of its subharmonic response.
However, ambient pressure also changes the natural frequency of the
bubble as well as the characteristic frequency of maximum subharmonic
response (typically twice the resonant frequency, but it differs for coated
microbubbles because of enhanced damping [38,39]). Therefore,
depending on the excitation frequency, increasing overpressure could
result in oscillations approaching (or moving away from) subharmonic
resonance, resulting in increasing (or decreasing) subharmonic
response, as we previously determined using Rayleigh−Plesset dynamics
[40]. There we found that for a free bubble, subharmonic signals
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decreased with increasing overpressure for the excitation frequency nor-
malized by the natural frequency being in the range of 1.4−1.6, but
increased for the frequency ratio >2.1; it was non-monotonic in the
intermediate range. Consequently, the varying trends in past experi-
ments, which were often limited in their range of overpressure and exci-
tation parameters, warrant further investigation.

Our aim here was to explore the ambient pressure sensitivity of micro-
bubbles’ acoustic response in a wide range of acoustic parameters (peak
negative pressure [PNP] of 50−700 kPa and excitation frequencies of 2, 3
and 4 MHz) covering all three stages of subharmonics and at ambient
overpressure (0-25 kPa) corresponding to the physiological blood pressure
range (0−186 mmHg). We also studied the fundamental, second harmonic
and ultraharmonic (3/2 order) varying overpressure and acoustic parame-
ters.

Methods

Microbubbles

Lipid-shelled microbubbles with a perfluorobutane (C4F10) gas core
were synthesized according to a protocol described in our previous study
[41]. 1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) and 1,2-
dipalmitoyl-sn-glycero-3-phosphatidylethanolamine−polyethylenegly-
col-2000 (DPPE-PEG-2000, Avanti Polar Lipids, Alabaster, AL, USA)
were used to create microbubbles with a shell composition of 90% DPPC
−10% DPPE-PEG2000 molar ratio and C4F10 (FluoroMed L.P., Round



Figure 1. (a) Exploded view of the pressurizing chamber. (b) Instrumentation and pressurizing sequence used for microbubble response measurement at different
ambient overpressures. AWG, arbitrary wave generator; PVC, polyvinyl chloride.
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Rock, TX, USA) core. The mechanical agitation method was used to pro-
duce microbubbles. We had previously measured the size distribution of
this microbubble (with 10% PEG), finding a 2.2 µm mean diameter with
99% of microbubbles less than 10 µm in diameter [41]. It can be referred
to for the details of the size distribution.

Experimental setup

Figure 1 illustrates the experimental setup used for this study. Micro-
bubble signals at different hydrostatic pressures were measured using a
pressurizing chamber sustaining overpressures of 0−25 kPa. A rectangu-
lar open box (40 W × 40 H × 45.2 D mm) was 3-D printed from micro-
carbon fiber-filled nylon composite (Onyx, Markforged, Watertown,
MA, USA). Two circular extruded cut holes were incorporated into the
side walls as acoustic windows. Rigid 2 mm thick plaques of polymethyl-
pentene (PMP), commercially known as TPX (TPX RT18, Mitsui Chemi-
cals America Inc., Rye Brook, NY, USA), were glued using instant
adhesive gel (Loctite 454, Henkel Corp., Stamford, CT, USA) to the exte-
rior of the acoustic windows, ensuring proper sealing and adhesion.
Bulging of the acoustic window plate under hydrostatic pressure and
consequent interference in ultrasound were avoided because of the high
flexural strength (47 MPa) of the TPX plaques. The TPX plaques (acous-
tic impedance = 1.79 MRayl) provided a good impedance match to
water (acoustic impedance = 1.48 MRayl). The insertion loss of the TPX
plaques is discussed in a later section. An acrylic lid (40 W × 7 H × 45.2
D mm) was glued to the 3-D-printed box to accommodate a pressure
gauge (range: −100 to 100 kPa; Ashcroft, Stratford, CT, USA) and two
stainless-steel fittings (Part No. 4406T16, McMaster-Carr, Elmhurst, IL,
USA) were connected to polyvinyl chloride (PVC) tubes (Part No.
5233K52, McMaster-Carr) as injection/drainage and pressurizing ports.
Stopcock on/off valves (Part No. 7033T25, McMaster-Carr) were
attached to tubes opening to control the pressurizing sequence (Fig. 1b).
An air-filled syringe was used to manually apply overpressure inside the
chamber through a Luer lock connection to the valve. A magnetic stir
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bar was placed in the bottom of the pressurizing chamber to gently stir
the microbubble solution during experiments.

The pressurizing chamber was placed in an acrylic water tank (120
W × 140 H × 120 D mm) with ultrasonic transducers embedded in the
walls (Fig. 1b). 5 MHz (V309, Olympus, Waltham, MA, USA) and
2.25 MHz (V306, Olympus) single-element focused transducers with a
30.5 mm focal length and 12.7 mm element size were used to transmit
acoustic waves of 2, 3 and 4 MHz frequencies. An arbitrary wave genera-
tor (AWG) (DG1022, RIGOL, Portland, OR, USA) was used to generate 32-
cycle sine bursts of desired frequency and amplitude at a 100 Hz pulse rep-
etition frequency (PRF). The AWG signal was amplified by a 55 dB power
amplifier (A150, Electronics & Innovation, Rochester, NY, USA) and used
to drive the transmitter. Echoes from microbubbles were received by a
cylindrically focused hydrophone (Y-102, Sonic Concepts, Bothell, WA,
USA) with 50 mm geometric focus, 17.5 mm active diameter and an oper-
ating frequency range of 10 kHz to 20 MHz. Foci of transmitting and
receiving transducers coincided perpendicularly inside the pressurizing
chamber. The received signal was conditioned by an ultrasonic pulser
−receiver (Model 5800, Panametrics, Olympus) and acquired in sample
mode by an oscilloscope (MDO 3024, Tektronix, Beaverton, OR, USA)
connected to a desktop computer. A MATLAB (The MathWorks, Natick,
MA, USA) program captured 20 voltage−time traces, and the power spec-
tra obtained by the Fast Fourier transform were averaged.

Calibration of transducers

Focused transducers were calibrated at each frequency employed using
a capsule hydrophone (HGL0200, Onda Corp., Sunnyvale, CA, USA)
according to a similar procedure described previously [42]. The focused
transducer and the capsule hydrophone were placed in a water tank (95
W × 82 H × 300 D mm) filled with de-gassed water. To include the effect
of the acoustic window on the transmitted ultrasound, a TPX plaque 2 mm
thick was placed normally at 10 mm in front of the transducer, ensuring
an accurate pressure environment as in the experimental setup. The



Table 2
Insertion loss of 2-mm-thick TPX plaque mea-
sured at different frequencies

Excitation frequency (MHz) Insertion loss (dB)

1 0.38 ± 0.18
1.5 0.50 ± 0.20
2 0.86 ± 0.23
2.5 1.17 ± 0.15
3 1.88 ± 0.29
3.5 1.75 ± 0.05
4 2.02 ± 0.14
4.5 1.95 ± 0.10
5 2.14 ± 0.13
5.5 2.48 ± 0.03
6 2.80 ± 0.14
6.5 2.76 ± 0.10
7 2.96 ± 0.13
7.5 3.25 ± 0.13
8 3.92 ± 0.22
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hydrophone was placed in the focal zone of the transducer using a holder
attached to a three-axis translation stage (Newport, Irvine, CA, USA). The
focused transducer was driven using 32-cycle sine bursts generated and
amplified by the AWG and the power amplifier. The hydrophone’s signal
was pre-amplified (AH-2010, Onda Corp.) before it was visualized by the
oscilloscope and recorded for pressure calculations.
Insertion loss of TPX window

To compensate for the effect of the acoustic window on the received
signals, the insertion loss (IL) of the TPX plaque was measured using a
narrowband through-transmission substitution method [43,44]. A
5 MHz unfocused transducer (V309, Olympus) was used along with a
sine burst of 50 mV peak-to-peak amplitude generated and amplified by
the AWG and the power amplifier. Hydrophone signals were recorded
with and without a TPX sheet placed 10 mm apart from the hydrophone
tip. The insertion loss was calculated as [45]

IL � 20 log Awo=Aw� �
Figure 2. (a) Scattered response of microbubbles as a function of peak negative press
acoustic pressures of (b) 200 kPa and (c) 300 kPa reveal the subharmonic thresholding
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where Awo and Aw are the amplitudes of the received signal spectra with-
out and with TPX plaque, respectively. Insertion loss values measured
for the frequency range 1−8 MHz are reported in Table 2 and were used
to correct the microbubble response at relative frequencies.
Experimental procedure

To measure the effect of ambient overpressure on the response of
microbubbles, 120 mL of diluted microbubble solution (∼ 30,000 micro-
bubbles/mL [41]) was transferred into the pressurizing chamber so that
the acoustic windows were fully submerged, and a narrow air gap was
left under the chamber ceiling (ports and pressure gauge socket). This
air gap allowed convenient adjustment of the overpressure inside the
chamber using a 20 mL air syringe. The value indicated by the pressure
gauge was considered as the hydrostatic overpressure sensed by the
microbubbles. The dilution factor used here (∼160,000) exhibited a
strong active signal compared with other dilutions tested before starting
the study. Next, the pressurizing chamber was placed in the water tank
in a way that acoustic windows were normal to the ultrasound path
(Fig. 1b). A 1 cm thick plastic sheet with an impression of the bottom of
the chamber etched was used to ensure the orientation and alignment of
the pressurizing chamber with the transducers over all experiments.

The pressurizing sequence and corresponding valve conditions are
illustrated in Figure 1b. First, the microbubbles’ response to an acoustic
excitation was recorded at atmospheric pressure with all valves open (0
kPa overpressure). In the next step, the pressure inside the chamber was
increased by air syringe, and all valves were closed after the desired
overpressure (either 5, 10, 15, 20 or 25 kPa) was reached. Once the
microbubbles’ response under hydrostatic overpressure was recorded,
the pressure inside the chamber was released for the next recording.
This sequence was repeated eight times for the same overpressure,
recording the difference of their averages from the zero-overpressure
value. Total experiment time for the eight repeats was approximately
3 min, and the bubble suspension was prepared about 30 s beforehand.
The chamber was then drained, and the microbubble solution was
refreshed. Measurements at each setting (overpressure, frequency,
acoustic pressure) were replicated three times. An unpaired t-test was
employed to determine whether the difference between acoustic
ure at 2 MHz excitation and 0 kPa overpressure. (b, c) Example power spectra at
behavior.



Figure 3. (a−e) Effect of overpressures of (a) 5 kPa, (b) 10 kPa, (c) 15 kPa, (d) 20 kPa and (e) 25 kPa on subharmonic response of microbubbles at 2 MHz excitation
plotted against acoustic peak negative pressure. (f) Change in subharmonic amplitude plotted as a function of overpressure at 2 MHz excitation frequency revealing dis-
tinct different trends. Statistically significant difference (p < 0.05) between response at atmospheric pressure and overpressure is denoted by an asterisk at the corre-
sponding peak negative pressure.
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Figure 4. Frequency response of microbubbles before (solid black line) and after (dashed blue line) applying overpressure at 2 MHz frequency: (a) 100 kPa acoustic peak
negative pressure (PNP) and 15 kPa overpressure; (b) 300 kPa acoustic PNP and 25 kPa overpressure.

Figure 5. Linear fit to subharmonic data with strongest subharmonic ambient pressure sensitivities at 2MHz excitation frequency. (a) Linear decrease in subharmonic
at 300 kPa acoustic pressure. (b) Non-monotonic increase in subharmonic at 100 kPa acoustic pressure.
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responses at atmospheric pressure and overpressure is statistically signif-
icant (p < 0.05).

Results

Figure 2a illustrates the scattered power from the in-house microbub-
bles as a function of acoustic peak negative pressure at atmospheric pres-
sure (0 kPa overpressure) and 2 MHz frequency excitation. Each data
point is the corrected averaged peak value of the power spectrum using
the acoustic window insertion loss values summarized in Table 2. The
fundamental, which is the strongest, and the second harmonic responses
1555
increase gradually with the increase in peak negative pressure. How-
ever, the subharmonic and ultraharmonic responses exhibit a threshold
behavior indicating occurrence, growth and saturation. Before occur-
rence (Fig. 2b), the subharmonic amplitude is close to the noise level.
Then it experiences a significant jump, which marks the beginning of
the growth stage beyond 200 kPa acoustic pressure (Fig. 2c). The thresh-
olds for growth of subharmonic and ultraharmonic lie between 200 and
300 kPa peak negative pressures.

The effect of overpressure on the subharmonic response at 2 MHz fre-
quency excitation is illustrated in Figure 3. For excitations correspond-
ing to before occurrence (PNP ≤ 200 kPa), applying overpressure



Figure 7. Frequency response at atmospheric pressure before and after subharmonic sensitivity transition point: (a) 3 MHz; (b) 4 MHz. PNP, peak negative pressure.

Figure 6. Change in subharmonic as a function of overpressure for 50 to 700 kPa peak negative pressures and (a) 3 MHz and (b) 4 MHz excitation frequencies.
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enhanced the subharmonic in comparison to the atmospheric condition
(0 kPa overpressure). In contrast, for excitations in the growth and satu-
ration stages (PNP >200 kPa), subharmonic amplitude decreased with
overpressure. Figure 3f illustrates the features observed for all cases in
which the enhancement of subharmonic (with increasing overpressure)
transitions to a reduction of subharmonic as the acoustic pressure
exceeds the subharmonic threshold (a value in the range 200−300 kPa
at 2 MHz excitation; Fig. 2b, 2c). Note that each data point is measured
independently over different batches of microbubble solution, emphasiz-
ing the consistency of the observations. (See Experimental Procedure
under Methods.)
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For acoustic pressures in the growth-saturation stage (300−700 kPa),
the decrease in subharmonic weakens as PNP increases; that is, the sub-
harmonic exhibits the strongest sensitivity to overpressure at the begin-
ning of this phase, consistent with the observation made by Shi et al. [21].
For low excitation amplitudes before occurrence (50−200 kPa), the
change in subharmonic is positive though with a non-monotonic trend.
The enhancement in subharmonic exhibits an apparent linear increase up
to ∼10 kPa overpressure (ascending part) followed by saturation and then
diminishes for overpressures beyond 15 kPa (descending part). It seems
that further increase in overpressure suppresses subharmonic generation,
in agreement with the study of SonoVue by Nio et al. [31].



Figure 8. Subharmonic response as a function of peak negative pressure for dif-
ferent excitation frequencies.
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Figure 4 depicts examples of the frequency domain responses of
microbubbles, recording enhancement and reduction in subharmonic
with overpressure. An overpressure of 15 kPa resulted in an average
enhancement of 10.78 dB in subharmonic at 100 kPa peak negative pres-
sure and 2 MHz frequency excitation (Fig. 4a). On the other hand, apply-
ing 25 kPa overpressure resulted in an average 13.78 dB reduction in
subharmonic amplitude at 300 kPa acoustic peak negative pressure and
2 MHz frequency (Fig. 4b). Note the relatively small change in other har-
monics (fundamental: 2 MHz, second harmonic: 4 MHZ, ultraharmonic:
3 MHz). The ambient pressure sensitivity of these harmonics is discussed
later.

Figure 5 reveals a linear fit applied to the subharmonic changes with
overpressure in both the decreasing and increasing regimes in Figure 3f.
The correlation coefficients (R2) larger than 0.9 indicate strong linearity,
with the slope of the linear fit signaling the strength of sensitivity to
overpressure. Figure 5a illustrates a sensitivity of −0.56 dB/kPa, which
is comparable to previous studies on commercial contrast agents
(Table 1). For the non-monotonic increasing trend, subharmonic sensi-
tivity for ascending (0−10 kPa) and descending (15−25 kPa) parts are
1.08 and −0.71 dB/kPa, respectively.

Figure 6 illustrates subharmonic sensitivity to overpressure at higher
excitation frequencies (3 and 4 MHz). In general, here the behaviors are
like those at 2 MHz excitation; at lower excitation pressures, subhar-
monic increases with overpressure, and at higher excitations, subhar-
monic decreases under overpressure. At lower excitations (increasing
regime), a non-monotonic trend similar to that for the 2 MHz excitation
case is noted (Fig. 3f), with the increase reaching a maximum at 15 kPa
overpressure. However, in the decreasing regime, the reduction in sub-
harmonic is significantly smaller in comparison to 2 MHz excitation. In
addition, the transition from an increasing to a decreasing trend occurs
at different excitation amplitudes. At 4 MHz (Fig. 6b) for 300 kPa peak
negative pressure excitation, subharmonic increases with overpressure
in contrast to that at 2 MHz excitation, where for the same excitation
strength a linear decrease was observed.

Figure 7 illustrates the corresponding frequency domain responses
before and after ambient sensitivity trend transition for 3 and 4 MHz fre-
quencies, revealing the growth of subharmonic amplitude after the tran-
sition points. Like the 2 MHz case, here also the transition point is
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closely related to the subharmonic threshold, which is in the ranges 200
−300 and 300−400 kPa for 3 MHz (Fig. 7a) and 4 MHz (Fig. 7b), respec-
tively. One can conclude that the increasing trend coincides with the
range of excitations below the threshold (at atmospheric pressure),
while the decreasing trend coincides with the growth-saturation stage
for all frequencies considered here. Indeed, in Figure 8, plotting the sub-
harmonic as a function of PNP, we note that the occurrence growth satu-
ration curves shift toward higher PNPs for higher frequencies—the
threshold for a particular level of the subharmonic signal (e.g., −90 dB)
shifts to higher PNP values at higher frequencies.

Effects of overpressure on the fundamental, second harmonic and
ultraharmonic are illustrated in Figure 9. The fundamental response
exhibits weak sensitivity to the overpressure with slightly decreasing
trends for all excitations. The second harmonic in our experiment exhib-
ited an atypical behavior, while for most acoustic excitations it changed
little with ambient overpressure. At the lowest excitation of 50 kPa, it
showed a significant increase of 8 dB at 2 MHz and a slightly increasing
trend for 100 kPa at 3 and 4 MHz. The ultraharmonic (of 3/2 order)
exhibited a noticeable decreasing trend with overpressure for acoustic
excitations corresponding to the growth stage. Unlike for the subhar-
monic, overpressure does not trigger ultraharmonic generation below
the threshold corresponding to atmospheric pressure. Finally, the sub-
harmonic change with overpressure, which, unlike the other harmonics,
exhibits the strongest sensitivity, is summarized in Table 3.

Discussion and conclusion

The results of the current study indicate that for all the frequencies
considered, at lower excitations, when at atmospheric pressure there is
no subharmonic; the subharmonic occurs and increases with overpres-
sure, but at higher excitations (i.e., corresponding to the growth-satura-
tion phase at zero overpressure), it decreases with overpressure. In other
words, the decreasing or increasing trend depends on threshold values
at atmospheric pressure. The appearance of subharmonic response only
under overpressure presents the possibility of a medical “go−no go”
gauge, potentially offering quick, repeatable and easy-to-interpret pre-
liminary examinations, provided that sufficient signals can be detected
at the lower excitations [46].

This phenomenon may explain the previous experimental results as
well. Xu et al. [30] observed an increase in the subharmonic from Sono-
Vue microbubbles with overpressure, increasing from 10 to 40 mm Hg
(∼1−5 kPa) at low excitations (40−300 kPa) but decreasing at higher
excitations (400−540 kPa). Similarly, Nio et al. [31] observed a linear
increase in subharmonic from SonoVue with ambient pressure increased
up to 75 mmHg (∼10 kPa) at excitations up to 300 kPa. However, a fur-
ther increase above 75 to 200 mmHg (∼ 26 kPa) resulted in saturation
followed by a decline in subharmonic enhancement by overpressure. Li
et al. [47] observed the non-monotonic behavior of a subharmonic at
4 MHz and 350 kPa excitation for SonoVue; it first increased with over-
pressure up to 50 mmHg (∼6 kPa) and then decreased. The non-mono-
tonic trend, however, changed to a linear decrease at a lower frequency
of 1.33 MHz. Note that we also noted behavior is dependent on the exci-
tation frequency (Figs. 6 and 3f); in Figure 6, the change in subharmonic
at a PNP of 300 kPa transforms from a non-monotonic trend at 4 MHz to
a monotonic decrease at 3 MHz. The behavior stems primarily from the
dependence of subharmonic threshold on frequency (Fig. 8). The sub-
harmonic thresholds recorded in this study (200−400 kPa) are similar
to those in previous studies on commercial phospholipid microbubbles
with a size distribution similar to that of our in-house−made bubble
[21,48−50]. For lipid microbubbles with a C4F10 gas core (in contrast to
SonoVue with a SF6 gas core) and average radius of 2 µm, Frinking et al.
[29] also observed an increase in subharmonic response at low acoustic
excitations (<350 kPa; i.e., at occurrence stage) with overpressure, but a
decrease at higher excitations.

We have here related the transition from an increasing to a decreas-
ing trend in subharmonic with overpressure increase to the subharmonic



Figure 9. Ambient pressure sensitivity of fundamental (a−c), second harmonic (d−f) and ultraharmonic (g−i) at acoustic pressures of 50−700 kPa and excitation fre-
quencies of 2−4 MHz.

Table 3
Subharmonic sensitivity measured in this study

Frequency (MHz) Overpressure (kPa) PNP (kPa) Trend Maximum change/
sensitivity

2 0−25 50−200
300−700

Increase
Decrease

10.78 dB
0.56 dB/kPa

3 0−25 50−200
300−700

Increase
Decrease

10.23 dB
0.3 dB/kPa

4 0−25 50−300
400−700

Increase
Decrease

7.92 dB
0.24 dB/kPa

PNP, peak negative pressure.
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Figure 10. Acoustic response of microbubbles undergoing eight pressurizing cycles of 0 and 25 kPa overpressures (OP) at 600 and 50 kPa peak negative pressures
(PNPs) as a function of recording sequence (i.e., time). (a) Fundamental; (b) subharmonic.
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threshold value at atmospheric pressure. Below the threshold excitation,
increasing overpressure increases subharmonic response, whereas above
the threshold, in the growth-saturation regime, increasing overpressure
decreases subharmonic response. Furthermore, the increasing trend in
the former region stems from the lowering of the threshold excitation by
increased overpressure from its value at 1 atm. Note that the increasing
trend has not been seen in vivo, possibly because of their occurrence
only at lower excitations.

The subharmonic increase with overpressure at low excitations pre-
viously observed was attributed to the increase in compression-only
behavior caused by buckling of the microbubble resulting from over-
pressure [29,51], which has been reported to be associated with subhar-
monic generation [52,53]. Frinking et al. used the Marmottant model
[34] to illustrate compression-only behavior and the presence of subhar-
monic in a buckled state (zero surface tension) but not in an elastic state
(surface tension = 0.02 N/m). Note that the buckling is attributed to
change in size caused by overpressure, which for zero gas exchange is
limited to less than 10% [35]. Size change also affects the resonance fre-
quency of a bubble with significant impact on the subharmonic response
as we noted before [40]. Incidentally, Tremblay-Darveau et al. [18]
reported that the resonance frequency change in lipid-coated microbub-
bles in the transition regime between the elastic and the buckled states
can be used in blood pressure measurement. The eventual decrease in
subharmonic at higher overpressures possibly indicates a severe restric-
tion of bubble activities. Nio et al. [31] concluded that this is due to the
destruction of microbubbles under elevated hydrostatic pressures. How-
ever, we found that the fundamental and subharmonic responses
returned to their baseline values when the overpressure was released at
low PNP (Fig. 10), indicating that microbubble destruction caused by
overpressure is minimal at this low excitation. At a higher PNP of 600
kPa, we do see decay of the acoustic response over eight pressurizing
cycles, indicating some destruction caused by high acoustic pressures.
However, the change in response remains approximately constant over
eight cycles (Fig. 10). Frinking et al. [29,54] attributed the reduction in
subharmonic with overpressure in the decreasing regime to the decrease
in the size of free microbubbles generated by the destruction of the shell.
However, the fundamental response exhibited almost constant sensitiv-
ity for all peak negative pressures and frequencies (Fig. 9a−c), implying
that microbubble destruction does not significantly affect the sensitivity.
1559
The enhancement value of the subharmonic for low excitations (in
the increasing regime) remains similar for different frequencies. How-
ever, for higher excitations (in the decreasing regime), the sensitivity
varies for different frequencies (Table 3). The atypical behavior of the
second harmonic at 50 kPa acoustic pressure demands further investiga-
tion. Note that using Marmottant model, Tremblay-Darveau et al. [18]
found that in the transition between elastic and buckled states, a strong
second harmonic exists even at a low acoustic pressure (1−10 kPa). The
similar threshold of sub- and ultraharmonic generation and their behav-
ior in the regime of decreasing trends point to their similar non-linear
nature. However, the lack of overpressure-driven ultraharmonic genera-
tion contrasts with the subharmonic, and thereby only a decreasing
trend with overpressure is observed in the ultraharmonic frequency
component.

The higher ambient pressure sensitivity of subharmonic compared
with other harmonics points to its suitability for pressure estimation in
medical applications. In addition to the linear decrease in subharmonic
with ambient pressure at higher excitations currently used for SHAPE,
the linearly increasing section at lower pressure can potentially be used
in applications dealing with lower blood pressures (<10 kPa), where
higher sensitivity (see Fig. 5: 1.08 dB/kPa vs. 0.56 dB/kPa) is needed if
a sufficient signal can be detected.
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